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ABSTRACT: Metal oxide materials that adopt the spinel crystal structure,
such as metal ferrites (MFe2O4), present tetrahedral (A) and octahedral [B]
sublattice sites surrounded by oxygen anions that provide a relatively weak
crystal-field splitting. The formula of a metal ferrite material is most precisely
described as (M1−xFex)[MxFe2−x]O4, where the parentheses and square
brackets denote the tetrahedral and octahedral sites, respectively, and x is the
inversion parameter quantifying the distribution of M2+ and Fe3+ cations
among these sites. The electronic, magnetic, and optical properties of spinel
ferrites all depend on the magnitude of x, which, in turn, depends on the
relative sizes of the cations, their charge, and the relative crystal-field stabilization afforded by tetrahedral or octahedral coordination.
Compared to bulk spinel ferrites, the large surface-area-to-volume ratio of spinel ferrite nanocrystals provides additional structural
degrees of freedom that enable access to a broader range of x values. Achieving synthetic control over the degree of inversion in
addition to the size and shape is critical to tuning the properties of spinel ferrite nanocrystals. In this Forum Article, we review
physical inorganic methods used to quantify x in spinel ferrite nanocrystals, describe how the electronic, magnetic, and optical
properties of these nanocrystals depend on x, and discuss emerging strategies for achieving synthetic control over this parameter.

■ INTRODUCTION

Ternary metal oxides comprise a diverse set of compositions
and crystal structures and are thus one of the largest and most
multifunctional classes of solid materials.1−3 These materials
offer significant flexibility in tailoring optical, magnetic, and
electronic properties by virtue of the close interaction between
two different metal cations within the crystal lattice sites, which
enables synergistic effects not manifested in binary oxide
phases.4,5 In particular, nanostructured and bulk spinel ferrites
of the formula MFe2O4, where M is a divalent metal cation,
exhibit high resistance to wear and corrosion, high saturation
magnetization, and narrow band gaps (∼2 eV).6−8 Addition-
ally, these materials are composed of elements with a high
natural abundance, and their consequently low production
costs make them attractive for a wide range of applications in
various fields of science and technology, such as photocatalysis,
storage and transformation of energy, magnetic drug delivery,
and gas sensors.9−15

Spinel ferrites are mixed-valent, mixed-metal oxides that
crystallize in the spinel phase, which belongs to the cubic Fd3̅m
space group with a unit cell containing eight formula units,
M8Fe16O32 (Figure 1). Within this structure, the oxygen anions
form a cubic close-packed lattice, and the metal cations occupy
one-eighth of the tetrahedral (A) and half of the octahedral [B]
interstitial sites of the lattice. This family of materials has the
general formula (M2+

1−xFe
3+

x)[M
2+

xFe
3+

2−x]O4, where x is the
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Figure 1. Unit cells of representative normal (left) and inverse (right)
spinel ferrites. The oxygen positions are marked in red; the orange
and blue spheres represent the Fe3+ and M2+ ions, respectively. The
exchange of metal ions between the (A) and [B] sites impacts the
electronic, optical, and magnetic properties of the material.
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inversion parameter that quantifies the distribution of the
divalent cation M2+ and the trivalent cation Fe3+ across the (A)
and [B] sites. There are four main subcategories of spinel
ferrites defined by the value of x: (i) x = 0 yields a normal
spinel, (ii) x = 1 yields an inverse spinel, (iii) x = 2/3 indicates
a fully randomized spinel, and (iv) 0 < x < 1 yields a mixed or
partially inverted spinel. The relative preference of the two
metal cations to occupy octahedral or tetrahedral sites depends
on the ionic radius, size of the interstitial site, ionic charge, and
crystal-field stabilization energy.16−19

The magnitude of the inversion parameter in spinel ferrite
nanocrystals can be significantly different from that found in
bulk samples of the same composition. The increased
structural degrees of freedom imparted to nanocrystals by
virtue of their large surface-area-to-volume ratios enables
access to a broader range of inversion parameters in
nanostructured spinel ferrites than are available to the
corresponding bulk materials. The magnitude of the deviation
of the inversion parameter from the bulk value depends on the
synthetic method and, for some compositions and synthetic
methods, may correlate with the size of the nanocrystals. For
example, ZnFe2O4, which adopts a normal configuration (x =
0) in the bulk, generally tends to become increasingly inverted
as the nanocrystal size decreases (Figure 2), although some

synthetic methods may produce the opposite trend.20 For a
given synthesis, any correlation between the size and inversion
parameter could be due to a mutual dependence of both
properties on the same synthetic parameter (e.g., ligand
concentration or temperature) rather than a direct causal
relationship. In contrast, NiFe2O4 and CoFe2O4 nanocrystals
exhibit a much weaker to no correlation between the
nanocrystal size and degree of inversion (Figure 2). Because
the electronic, magnetic, and optical properties of spinel
ferrites are governed in part by the degree of inversion,
nanocrystalline spinel ferrites provide the opportunity to tune
these properties over a much broader range than is possible for
the bulk materials.

In this Forum Article, we discuss the impact of the degree of
inversion of a series of ternary spinel ferrite nanocrystals with
the formula MFe2O4, where M = Mg2+, Mn2+, Co2+, Ni2+, Cu2+,
or Zn2+, on their physicochemical properties. We also discuss
methods used to quantify the degree of inversion and emerging
strategies to achieve synthetic control over this parameter.

■ METHODS TO MEASURE THE DEGREE OF
INVERSION

This section describes physical inorganic methods used to quantify
the site occupancies of cations, i.e., degree of inversion, within spinel
ferrite nanocrystals. Many of these methods rely on the sensitivity of
spectroscopic transitions involving core electrons of the metal cations
(in the case of the X-ray spectroscopies and electron energy loss
spectroscopy, EELS) or nuclear transitions of the iron centers (in the
case of Mössbauer spectroscopy) to changes in the metal’s local
coordination sphere. Other methods, such as neutron diffraction and
Raman spectroscopy, are sensitive to the long-range ordering or
symmetry of the nanocrystals, which is influenced by the degree of
inversion. Here we describe briefly how each technique can be used to
quantify x.

Mo ssbauer Spectroscopy. Mössbauer spectroscopy is a
particularly valuable technique that gives precise information about
the chemical, structural, and magnetic properties of a material that
contains an isotope with a strong nuclear quadrupole moment, such as
57Fe. It is based on the Doppler effect and the recoil-less γ-ray
emission and absorption, known as the Mössbauer effect. Mössbauer
spectra are defined by three parameters.27 (i) The isomer shift (δ)
arises from the difference in the s-electron density between the source
and absorber and indicates the valence state of iron. Because the loss
of an electron in the d orbital (e.g., from Fe2+ to Fe3+ or from Fe3+ to
Fe4+) causes a higher relative s-electron density at the 57Fe nucleus,
higher oxidation states of iron lead to smaller isomer shifts.28 (ii) The
nuclear electric quadrupole splitting (ΔEQ) arises from a shift in the
nuclear energy levels induced by an anisotropic electric-field gradient
caused by nearby electrons. The magnitude of ΔEQ reflects the
coordination environment of the iron atoms. (iii) The nuclear
magnetic hyperfine splitting (Bhf) is sensitive to the spin state of the
iron and magnetic ordering within the sample. This technique
provides a particularly valuable analytical tool for iron-based materials
because the shape of the Mössbauer spectrum is affected by the
oxidation state of iron, its electronic configuration, the symmetry of its
crystallographic site, the presence/absence of magnetic ordering
(temperature-dependent), and the ligand field surrounding the iron
nuclei.29

In addition to being exquisitely sensitive to the electronic structure
and bonding around iron nuclei, Mössbauer spectroscopy is
particularly useful for characterizing magnetic nanoparticles because
the time scale of the measurement is on the order of the time scale of
magnetic relaxation observed in superparamagnetic particles given by
the Ne  el-Brown expression (eq 1):

KV k Texp( / )0 Bτ τ= (1)

where τ0 (the reciprocal of the natural frequency of the gyromagnetic
precession) is typically in the range 10−9−10−12 s, K is the magnetic
anisotropic energy constant, V is the volume of the particle, kB is the
Boltzmann constant, and T is the temperature.30 If τ is shorter than
the time scale of the measurement, the average value of the internal
magnetic field at individual iron sites is zero. Under these conditions,
the Mössbauer spectrum has a doublet line shape arising from
quadrupolar splitting of the I = 3/2 excited nuclear state into mI = ±1/2
and ±3/2 (Figure 3). In contrast, when τ is on the order of or longer
than the time scale of the measurement, the individual iron nuclei
experience a nonzero magnetic field that induces a Zeeman splitting
of the nuclear spin states and leads to six allowed transitions with ΔmI
= ± 1 or 0 (Figure 3). The spectrum therefore exhibits a sextet
splitting pattern under these conditions. Because τ increases with
decreasing temperature according to eq 1, the Mössbauer spectra of

Figure 2. Plot of the inversion parameter versus nanocrystal diameter
for CoFe2O4 (red), NiFe2O4 (green), and ZnFe2O4 (blue) nano-
crystals. Data are taken from refs 18 (crosses), 20 (solid circles), 21
(open circles), 22 (solid diamonds), 23 (solid squares), 24 (open
diamonds), 25 (open squares), and 26 (asterisk).
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many magnetic nanoparticles evolve from a doublet splitting pattern
into a sextet splitting pattern as the temperature decreases (Figure
3).31,32

For spinel ferrites, the internal magnetic field experienced by iron
nuclei occupying octahedral [B] sites is larger than that experienced
by iron nuclei occupying tetrahedral (A) sites due to the dipolar field
originating from the deviation from cubic symmetry in the tetrahedral
site and the stronger orbital overlap between the iron sites in the
smaller tetrahedral site and the surrounding oxygen anions.33 This
difference produces two overlapping sextet patterns at low temper-
ature whose areas are proportional to the numbers of iron nuclei
occupying the (A) and [B] sites.32,34,35 Thus, the relative areas of
these two sextet peaks can be used to quantify the inversion parameter
x according to eq 2 (assuming that the recoil-free fractions of the (A)
and [B] sites are equal).36

x 2
(Fe )

(Fe ) Fe

3
area

3
area

3
area

=
+ [ ]

+

+ + (2)

For example, Figure 3 plots temperature-dependent Mössbauer
spectra collected for CoFe2O4 nanocrystals with a diameter of 2.6
nm.20 At room temperature, the spectrum contains a doublet peak
corresponding to a quadrupolar splitting in the absence of a net
internal magnetic field and indicates rapid magnetic relaxation. As the
temperature decreases, the doublet converts into a sextet splitting
pattern. At 4 K, the spectrum comprises two overlapping sextets: one
corresponds to a hyperfine field of 51.5 ± 0.5 T and accounts for 66 ±
5% of the spectral intensity, and the other corresponds to a hyperfine
field of 46.4 ± 0.5 T and accounts for 34 ± 5% of the spectral
intensity. The sextet peak with the smaller hyperfine field was assigned

to the tetrahedral iron sites, and the inversion parameter calculated
from these data using eq 2 is x = 0.68.20

Neutron Diffraction. The lattice parameter of a spinel ferrite
depends in part on the magnitude of the inversion parameter due to
the differences in the ionic radii of the M2+ and Fe3+ ions. As the
degree of inversion increases, more of the smaller tetrahedral sites are
occupied by Fe3+ cations and M2+ ions occupy more of the larger
octahedral sites. Because the radius of Fe3+ is smaller than that of M2+

when M is Mg or a late-first-row transition metal, shifting Fe3+ cations
into smaller tetrahedral sites causes the size of the unit cell to
contract, thereby decreasing the lattice parameter.19,37,38 However,
the degree of inversion in spinel ferrite nanocrystals cannot be
quantified precisely based on the lattice parameter alone because
other factors, such as lattice strain, also impact the lattice parameter
on the nanoscale. In fact, the cation site distribution in transition-
metal spinel ferrites is difficult to quantify precisely using powder X-
ray diffraction because the electron density surrounding the Fe3+

centers is too similar to that surrounding the M2+ centers, rendering
them indistinguishable. In contrast, neutrons scatter and diffract off of
the nuclei of atoms rather than their electron density.39 Consequently,
the neutron scattering length for iron is very different from that of
other 3d metals. Therefore, Rietveld refinement of neutron powder
diffraction data can be used to quantify precisely the inversion
parameter of spinel ferrites.23,40 Rietveld refinement involves fitting of
the shapes and intensities of the diffraction peaks in order to
determine the crystallite size, site occupancies, atomic displacement
parameters, and ratios of various crystal phases and compositions that
may be present in a mixture, in addition to the lattice parameter and
crystal structure identification determined by the positions of the
peaks. Additionally, because neutrons have spin, their scattering
interactions with nuclei are impacted by the spin of the surrounding
electrons. Neutron powder diffraction spectra are therefore also
sensitive to magnetic ordering within a sample.39

Figure 4 shows neutron powder diffraction patterns collected for
CoFe2O4 and ZnFe2O4 nanocrystals.22 The spectra calculated from
the Rietveld refinement procedure indicate inversion parameters of x
= 0.66 for CoFe2O4 and 0.166 for ZnFe2O4. The solid red lines
indicate the contribution of magnetic ordering to the overall
diffraction pattern. These data indicate that CoFe2O4 exhibits
significant magnetic ordering that contributes to several diffraction
peaks, whereas ZnFe2O4 exhibits very little magnetic order. In
particular, magnetic ordering in CoFe2O4 contributes significant
intensity to the diffraction peaks at q ∼ 1.3, 2.6, and 3.25 Å−1, whereas
the latter two peaks are absent from the ZnFe2O4 spectrum.

Raman Spectroscopy. Normal spinel ferrites crystallize in the
cubic space group Fd3̅m. Factor group analysis predicts five first-order
Raman-active phonon modes for this space group: one A1g mode, one
Eg mode, and three T2g modes.41−43 The A1g mode is associated with
symmetric stretching of the M−O bonds at the tetrahedral site along
the ⟨111⟩ direction,44 the Eg mode is associated with symmetric
bending of the M−O bonds at the octahedral site, and the T2g modes
are due to asymmetric bending and stretching of the M−O bonds
around the octahedral sites [T2g(3) and T2g(2), respectively] as well
as translation of MO4 tetrahedral units [T2g(1)]. The frequencies of
the modes associated with the tetrahedral or octahedral sites depend
on the mass of the ion occupying the site and the strength of the
bonds it forms with the surrounding oxygen atoms. When more than
one type of cation occupies the tetrahedral or octahedral sites (i.e.,
when x > 0), these modes split into two different peaks corresponding
to two different cations, and the relative intensities of these peaks
correspond to the inversion parameter.43

Figure 5 shows the Raman spectra of 48 nm ZnFe2O4 and 92 nm
NiFe2O4 nanoparticles.45 Deconvolution of the NiFe2O4 spectrum
demonstrates that each of the five Raman modes can be fitted with
two components, indicating at least partial inversion of the spinel
structure.46,47 In contrast, the five Raman modes present in the
ZnFe2O4 spectrum each fit to a single peak, which indicates negligible
inversion in this material. Indeed, these NiFe2O4 and ZnFe2O4
nanocrystals were found to have inversion parameters of x ∼ 0.7
and 0, respectively.45

Figure 3. (A) Mössbauer spectra associated with 2.6-nm-diameter
nanoparticles of CoFe2O4 at various temperatures. The solid lines
through the experimental points represent least-squares fits of the data
to a superposition of quadrupolar and magnetic spectra associated
with iron occupying tetrahedral (blue) and octahedral (red) sites. At
intermediate temperatures, a dynamic, intermediate relaxation
envelope (green) was also included. Adapted with permission from
ref 20. Copyright 2015 American Chemical Society. (B) Energy-level
diagrams depicting the allowed nuclear transitions in the absence
(top) and presence (bottom) of hyperfine splitting induced by a net
internal magnetic field Bhf.
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X-ray Photoelectron Spectroscopy (XPS). XPS provides
information about the oxidation state, chemical environment, and
stoichiometry of the elements present in a material through
measurement of the binding energies of their core electrons.48,49

For spinel ferrite nanoparticles, the 2p region of the metals,
particularly iron, can be used to quantify the degree of inversion.
This region contains the spin−orbit split 2p1/2 and 2p3/2 peaks along
with shakeup satellite peaks arising from interactions between the
core−hole and any unpaired spins present on the metal center.49 Fe3+

cations that occupy the tetrahedral site in a spinel oxide lattice
produce 2p peaks with a higher binding energy than the Fe3+ ions that
occupy octahedral sites.50−53 Thus, for x > 0, both the 2p1/2 and 2p3/2
peaks contain two components whose relative areas are determined by
the value of x. For example, Figure 6 shows XPS data collected in the
Fe 2p region for ZnFe2O4 nanoparticles.

53 The 2p1/2 and 2p3/2 peaks
each fit to two components. The higher-energy components at 727.1
eV (2p1/2) and 713.0 eV (2p3/2), which correspond to Fe

3+ ions in the
tetrahedral sites, each account for 34% of the total area of the 2p1/2 or
2p3/2 peak. These data therefore indicate that the magnitude of x is
0.68 for this sample.
X-ray Absorption Spectroscopy. K-edge X-ray absorption near-

edge spectroscopy (XANES) and extended X-ray absorption fine
structure spectroscopy (EXAFS) provide element-specific information
about the oxidation state and coordination number. These techniques
are therefore sensitive to the degree of inversion in spinel ferrite
nanocrystals. The edge feature in the K-edge XANES spectra of
transition metals corresponds to 1s-to-4p transitions, and the position
of the edge feature is determined primarily by the oxidation state of
the metal.54 Lower-energy preedge features correspond to 1s-to-3d
transitions that are dipole forbidden for metal centers with octahedral

(or centrosymmetric) site symmetry but weakly allowed for metal
centers with tetrahedral site symmetry due to the mixing of 3d and 4p
orbitals.54 For spinel ferrites, increased intensity of the preedge peak
indicates increased occupancy of the tetrahedral sites by the metal
species being examined. In principle, the intensity of the preedge peak
relative to the edge peak in Fe or M K-edge XANES spectra can be
used to quantify the degree of inversion in MFe2O4 nanocrystals;
however, this approach requires the use of samples with known ratios
of tetrahedral and octahedral Fe3+ or M2+ sites for calibration.55

Therefore, XANES data are typically used to provide qualitative
information about the relative magnitudes of inversion among a set of
samples.21,56,57

In contrast, K-edge EXAFS can be used to quantify the degree of
inversion directly.17,18,21,55,56,58 EXAFS involves analysis of the
interference patterns generated by the scattering of photoelectrons
off of atoms adjacent to the absorbing atom. These interference
patterns encode the number of atoms with a particular electron
density located at various distances from the absorber.59 Structural
information from X-ray diffraction data enables prediction of the
interference patterns expected for tetrahedral and octahedral sites
within the spinel lattice and thereby aids in the accurate fitting of

Figure 4. Neutron powder diffraction spectra (open circles) and
results of Rietveld refinement (solid black line) obtained for CoFe2O4
(A) and ZnFe2O4 (B) nanocrystals. The solid red lines indicate the
contribution of magnetic ordering to the neutron powder diffraction
pattern. The solid blue lines represent the difference between the
observed and calculated spectra. Reproduced with permission from ref
22. Copyright 2018 The Royal Society of Chemistry.

Figure 5. Raman spectra of the (A) NiFe2O4 (inverse) and (B)
ZnFe2O4 (normal) samples highlighting the impact of inversion on
the Raman modes. Orange and blue color-coded rectangles are
depicted to associate the modes with the octahedral and tetrahedral
site vibrations, respectively. Adapted with permission from ref 45.
Copyright 2013 AIP Publishing.
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EXAFS data to extract the distribution of metal species among
tetrahedral and octahedral sites (i.e., the inversion parameter).17

X-ray Magnetic Circular Dichroism (XMCD). XMCD spectros-
copy employs the differential absorption of left and right circularly
polarized X-rays in a magnetic field to provide information about the
local electronic and magnetic structures of the absorbing atom. For
transition metals, XMCD spectra are usually measured at the L2,3
edge, where the 2p core electrons undergo electric-dipole transitions
into unoccupied 3d states.60 The spectrum is split by the 2p core−
hole spin−orbit coupling into two main structures: the L3 and L2
edges, from the 2p3/2 → 3d and 2p1/2 → 3d transitions, respectively.60

The spectrum is split by the 2p core−hole spin−orbit coupling into
two main structures: the L3 and L2 edges, from the 2p3/2 → 3d and
2p1/2 → 3d transitions, respectively. The sign of the XMCD signal
depends on the orientation of the magnetic moment of the absorbing
atom relative to the external magnetic field. In the spinel ferrite
system, because the spins of Fe3+ ions in the tetrahedral sites are
coupled antiferromagnetically to those of Fe3+ ions in the octahedral
sites, the contribution of tetrahedral Fe3+ ions to the XMCD signal
has the opposite sign of the contribution of octahedral Fe3+ ions.61 On
the basis of the most commonly used sign conventions, the XMCD
signal is negative at the L3 edge and positive at the L2 edge for atoms
whose magnetic moments are oriented parallel to the external
magnetic field.61 On the basis of the most commonly used sign
conventions, the XMCD signal is negative at the L3 edge and positive
at the L2 edge for atoms whose magnetic moments are oriented
parallel to the external magnetic field. For spinel ferrites, the magnetic
moments of the octahedral ions are oriented parallel to the external
field. Figure 7 shows an example of Fe L2,3-edge XMCD spectra
collected for Fe3O4/MnxFe3−xO4 core−shell nanoparticles.62 The
spectrum has three main peaks at the L3 edge with negative, positive,
and then negative intensity as the energy increases. These features are
related to the amounts of Fe d6 Oh, d

5 Td, and d5 Oh, respectively,
present in the sample. To obtain the relative concentrations of the
three different types of iron sites, the experimental spectrum is fitted
to a weighted sum of contributions from individual Fe2+ and Fe3+

centers occupying tetrahedral (A) or octahedral (B) sites. The
contributions from the individual iron sites are modeled using ligand-
field multiplet calculations.62 The experimental spectrum contains
contributions from Fe3+ ions in both the tetrahedral and octahedral
sites and Fe2+ ions in the octahedral sites. The absence of a
contribution from Fe2+ ions in the tetrahedral sites indicates complete
inversion.
High-Resolution Scanning Transmission Electron Micros-

copy (HR-STEM). HR-STEM is an emerging tool for measurement of
the local cation distribution in individual spinel oxide nanocrystals
with atomic resolution.63−65 The sensitivity of the transmitted

electron signal to the atomic number can be used to distinguish
between different elements occupying the crystallographic sites
observed as “atomic columns” in spinel oxide nanocrystals oriented
along particular zone axes.64 However, using the transmitted electron
signal alone only allows one to make assignments from a set of
elements known to be present in the sample based on the relative
intensities of the signal (i.e., the heaviest element corresponds to the
brightest contrast in a dark-field image).64 Coupling HR-STEM to
EELS enables absolute identification of various atomic species within
the crystallographic sites based on the element-specific locations of
the peaks in the energy loss spectra. Analysis of the near-edge
structures of the energy loss spectra can even distinguish between the
oxidation states of a given element.63,65 By comparing the known
fractions of tetrahedral and octahedral sites present in a particular
atomic column with the relative contributions of different elements or
oxidation states to the EELS data collected at that column, one can
quantify the distribution of elements or oxidation states among the
tetrahedral and octahedral sites.

Figure 8 contains STEM−EELS data obtained for Fe3O4/Mn3O4
core−shell nanocrystals.65 Figure 8B shows the STEM high-angle
annular dark field (HAADF) image acquired simultaneously with the
EELS data for the region highlighted in Figure 8A.65 Figure 8B shows
the STEM-HAADF image acquired simultaneously with the EELS
data for the region highlighted in Figure 8A. This region corresponds
to the Fe3O4 core of an individual nanocrystal. Figure 8C illustrates
the Fe3O4 structure along the [541] zone axis, which corresponds to
the orientation of the nanocrystal. The red circles indicate octahedral
sites, and the blue ovals indicate tetrahedral sites. In Figure 8B, the
(111) planes appear as bright columns, which are numbered in the
STEM image. These planes contain only octahedral sites, whereas the
darker planes between the (111) planes contain both octahedral and
tetrahedral sites. Figure 8D shows a 2D plot of the EELS data
obtained simultaneously with the image in Figure 8B, where the x axis
is the same as that in Figure 8B, the y axis plots the energy loss, and
the contrast corresponds to the EELS intensity integrated along the
vertical direction in Figure 8B. Figure 8E shows the EELS spectra
corresponding to the Fe L3-edge obtained for the bright column
labeled 5 in Figure 8B and the dark column immediately to its right
(referred to as 5′). Figure 8F plots the onset energy of the Fe L3-edge

Figure 6. XPS spectra of the Fe 2p core level of as-prepared ZnFe2O4
nanoparticles. The shaded gray peaks correspond to tetrahedral Fe3+,
and the shaded blue peaks correspond to octahedral Fe3+. Adapted
with permission from ref 53. Copyright 2016 Beilstein-Institut. Figure 7. Experimental XMCD spectrum Fe3O4/MnxFe3−xO4 nano-

crystals collected at the Fe L2,3-edge in total electron yield mode at 10
K in an applied field of 1 T (open black circles). The solid gray line
plots the fit of these data to a weighted sum of spectra calculated for
Fe3+ ions in tetrahedral A sites (26% contribution, blue spectrum),
Fe3+ ions in octahedral B sites (31% contribution, green spectrum),
and Fe2+ ions in octahedral B sites (43% contribution, red spectrum).
Reproduced with permission from ref 62. Copyright 2018 Springer
Nature.
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peak and the HAADF intensity versus horizontal position. Altogether,
the data in Figure 8 demonstrate that the bright columns exhibit a
lower onset energy for the Fe L3-edge peak than the dark columns.
Because the Fe L3-edge onset shifts to higher energies as the iron
oxidation state increases, these data indicate that the bright columns
contain a higher ratio of Fe2+ to Fe3+ than the dark columns, which
implies that a larger fraction of Fe2+ ions occupy octahedral sites than
tetrahedral sites. Indeed, quantitative analysis of these data resulted in
a fairly large inversion parameter of x = 0.84 ± 0.02.
All of the characterization methods presented in this section are

nondestructive and provide quantitative chemical bonding informa-
tion that enables determination of the inversion parameter in spinel
ferrite nanocrystals. However, they vary in their accessibility and ease
of use. The X-ray-based techniques require the use of ultrahigh
vacuum systems (10−8−10−11 Torr) and, in the case of the X-ray
absorption and XMCD techniques, access to a synchrotron source.
Neutron powder diffraction also requires specialized facilities with
access to a nuclear reactor. Additionally, neutron sources are
characterized by relatively low fluxes; therefore, neutron powder

diffraction measurements require large amounts of sample to achieve
sufficient signal-to-noise ratios.66 Mössbauer spectroscopy also
requires large amounts of sample or enrichment of the sample with
57Fe isotopes in order to achieve sufficient signal-to-noise.66 HR-
STEM−EELS measurements provide highly local information with
atomic resolution, whereas all of the other techniques described here
can only provide data averaged over several particles. Conversely,
individual particles characterized by STEM−EELS may not be
representative of the entire sample. Of the techniques described here,
Raman spectroscopy is generally the most widely available; however,
it is also the least direct method for characterizing x and the only one
that is not truly element-specific. Finally, all of the techniques
described here require deconvolution of multiple contributions to
spectral peaks via least-squares fitting procedures of varying
complexity that can be prone to significant uncertainties. To minimize
the impact of these uncertainties, it is best to use at least two different
techniques to quantify x.

■ IMPACT OF THE CATION DISTRIBUTION ON THE
PHYSICAL PROPERTIES OF SPINEL FERRITE
NANOCRYSTALS

Electronic Structure. The impact of the inversion
parameter on the electronic structure of spinel ferrites has
been investigated computationally. These calculations have
been used to understand the dependence of other properties,
such as conductivity,67 magnetism,68 and optical absorption,69

on the cation distribution. The electronic structures of spinel
ferrites are calculated using density functional theory (DFT)
with the incorporation of a Hubbard correction (U).70 The
local density approximation71 or generalized gradient approx-
imation72 methods alone do not account for the highly
localized nature of d orbitals that contribute to the band
structure of spinel ferrites, which leads to calculated metallic
electronic structures for spinel ferrite materials that are known
experimentally to be insulating or semiconducting.68,70,73,74 To
correct for the Coulombic repulsion of the d electrons in spinel
ferrites and other transition-metal oxides, U is applied to the
transition metal’s d orbitals to better represent the local energy
cost of electron transfers between neighboring atoms.70 To
determine the appropriate Hubbard correction, chemists apply
a range of values until the computed electronic structure
matches the experimental data collected for the given system.70

As the degree of inversion changes in a spinel ferrite, the
number of divalent ions occupying the tetrahedral and
octahedral sites changes. The crystal-field splitting for a
tetrahedrally coordinated site is smaller than the splitting
experienced by the same cation in an octahedral site.
Therefore, changing the distribution of M2+ and Fe3+ cations
among the octahedral and tetrahedral sites by changing the
degree of inversion will change the energy-level ordering of
bands derived from 3d orbitals of the M2+ and Fe3+ ions, which
often leads to a change in the band gap (Table 1). Figure 9

Figure 8. (A) STEM-HAADF image of a Fe3O4/Mn3O4 core−shell
nanocrystal. (B) STEM-HAADF signal coacquired with an EELS
spectrum image from the highlighted region in part A corresponding
to the Fe3O4 core. (C) Illustration of the crystal structure of hematite
along the [541] zone axis corresponding to the orientation of the
nanocrystal. Red circles depict octahedral sites, purple circles depict
tetrahedral sites, and blue circles depict oxygen sites. (D) Plot of the
intensity of the Fe L3-edge EELS signal obtained by integrating along
the vertical direction in part B. The horizontal x axis coincides with
that from the image shown in part B. (E) EELS spectra collected at
positions 5 (blue) and 5′ (orange) corresponding to the highlighted
boxes in part D. (F) Plot of the onset energy of the Fe L3-edge peak
and the corresponding HAADF intensity versus horizontal position.
Reproduced with permission from ref 65. Copyright 2018 American
Chemical Society.

Table 1. Calculated Band Gaps for Normal and Inverted
Spinel Ferrites

composition Eg(x=0)
a Eg(x=1)

a reference

MnFe2O4 0.075 0.33 74
Fe3O4 0.08 0.72 74
CoFe2O4 0.22 1.24 72
NiFe2O4 0.35 1.26 72
CuFe2O4 ∼0 0.603 67
ZnFe2O4 2.2 2.1 75

aValues reported as electronvolts.
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shows plots of the orbital contributions to the densities of
states obtained for CoFe2O4 and NiFe2O4 with various
magnitudes of the inversion parameter x.72 The changes in
the energy-level ordering with changes in x observed in these
data are representative of those reported for other spinel
ferrites where M2+ is a paramagnetic 3d ion.67,68,74 In the
normal configuration (x = 0), the conduction band minimum
comprises octahedral Fe3+ orbitals of minority spin polar-
ization. The empty majority spin states derived from the
tetrahedral M2+ orbitals lie just above these orbitals in energy.
The valence band maximum is composed of primarily O 2p
character with some contribution from the majority spin states
of the tetrahedral M2+ ion in the case where M2+ contains more

than five 3d electrons. As the degree of inversion increases, the
contributions of the M2+ tetrahedral orbitals to the conduction
band are replaced by tetrahedral Fe3+ orbitals. Additionally,
spin minority octahedral orbitals from M2+ contribute to the
valence band maximum. The majority spin channel is depicted
as positive, and the minority spin channel is depicted as
negative. In general, these changes in the energy-level ordering
result in an increase in the band gap with increasing inversion,
as shown in Table 1, with the exception of ZnFe2O4, for which
the degree of inversion has little impact on the calculated band
gap.75

In addition to changing the ordering of various orbital
contributions within the conduction and valence bands,
changing the degree of inversion also changes the radii of
the ions occupying the octahedral and tetrahedral sites.
Subsequent rearrangement of the oxygen sublattice in order
to accommodate different cation distributions among the
octahedral and tetrahedral sites can modify the M−O and Fe−
O bond lengths in these sites and thereby modify the
electronic structure of the material. For example, as the degree
of inversion increases, more M2+ ions occupy octahedral sites.
Because the M2+ ions are larger than the Fe3+ ions, the average
size of the octahedral sites increases, while that of the
tetrahedral sites decreases. The subsequent changes in the M−
O bond lengths also contribute to changes in the band
structure with inversion.73

Magnetic Properties. The magnetic properties of spinel
ferrites are governed by superexchange interactions between
the metal cations mediated by the bridging oxygen anions.
These superexchange interactions fall into three categories of
pairwise interactions:76,77 (i) A−O−B, (ii) B−O−B, and (iii)
A−O−A, where A denotes a metal cation in a tetrahedral site
and B denotes a metal cation in an octahedral site. The B−O−
B and A−O−A interactions occur over bond angles near 90°,
whereas the A−O−B interactions occur over bond angles that
are more linear (∼125°) and therefore allow for more orbital
overlap (Figure 10A). According to the Goodenough−
Kanamori rules, when the metal cations occupying A and B
sites both contribute half-filled orbitals, all three interactions
favor antiferromagnetic alignment of the electron spins, with
the A−O−B interaction having the exchange coupling constant
with the largest magnitude.76,78,79 However, no spin config-
uration exists that would accommodate antiferromagnetic
alignment of all three types of pairwise interactions
simultaneously. Because the A−O−B interaction produces
the strongest antiferromagnetic coupling, the lowest-energy
spin configuration for metal ferrites containing paramagnetic
M2+ ions is the one in which all of the B sites are aligned
ferromagnetically with respect to each other and antiferro-
magnetically with respect to the A sites (Figure 10A).76,77 The
result is an overall ferrimagnetic alignment with the net
magnetization direction aligned with the magnetic moment of
the octahedral sites because there are twice as many occupied
octahedral sites as tetrahedral sites.
For the normal spinel configuration (x = 0), one expects the

saturation magnetization to increase as the magnetic moment
of the M2+ ions occupying the tetrahedral sites and opposing
the magnetic moment of the octahedral Fe3+ ions decreases.
Thus, because the magnetic moments of the late transition
metals decrease in the order Mn2+ > Co2+ > Ni2+ > Cu2+ >
Zn2+, the saturation magnetization of the corresponding spinel
ferrite material should increase in the order MnFe2O4 <
CoFe2O4 < NiFe2O4 < CuFe2O4 < ZnFe2O4 when x = 0.77

Figure 9. Density of states calculated for CoFe2O4 (left) and NiFe2O4
(right) for various values of the inversion parameter λ. The partial
density of states associated with tetrahedral cobalt/nickel (red dashed
lines), octahedral cobalt/nickel (purple solid lines), tetrahedral iron
(dashed green lines), and octahedral iron (solid blue lines) are
depicted along with the total density of states (solid gray). Adapted
with permission from ref 72. Copyright 2011 AIP Publishing.
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However, increasing the degree of inversion can disrupt this
expected trend. Figure 10C shows magnetization curves for a
series of MFe2O4 nanocrystals with various degrees of
inversion.22 Within this set of samples, the NiFe2O4 nano-
crystals have a smaller saturation magnetization than both the
CoFe2O4 and MnFe2O4 nanocrystals, which is the opposite of
what is expected for normal spinel ferrites. This discrepancy is
explained by the fact that the NiFe2O4 sample examined here is
completely inverted (x = 1). The exclusive occupancy of the

tetrahedral sites by high-spin Fe3+ ions, rather than Ni2+ ions,
provides a larger magnetic moment opposing that of the
octahedral sites, whose average magnetic moment has
diminished because of partial occupancy by Ni2+. Both effects
decrease the magnitude of the saturation magnetization. On
the other hand, the CoFe2O4 and MnFe2O4 samples have
similar inversion parameters (x = 0.66 and 0.64, respectively),
as measured from neutron diffraction. These inversion
parameters correspond to a statistical distribution of M2+ and
Fe3+ among the (A) and [B] sites. These similar degrees of
inversion would be expected to produce a larger saturation
magnetization for MnFe2O4 compared to CoFe2O4; however,
the Mn2+ ions in MnFe2O4 may transfer electrons to Fe3+ to
form Mn3+ and Fe2+, thus decreasing the number of unpaired
electrons in both cations from five to four, resulting in a
decrease in the overall saturation magnetization.31,77,80

Interestingly, the data in Figure 10C also demonstrate that
the ZnFe2O4 nanocrystals exhibit a very minor magnetic
response. These nanocrystals have a very small inversion
parameter (x = 0.17); thus, a majority of the tetrahedral sites
are occupied by diamagnetic Zn2+ ions. The strong
antiferromagnetic exchange interaction between the (A) and
[B] sites is therefore no longer operative, and the weak
antiferromagnetic coupling of the octahedral sites now dictates
the magnetic behavior of the material.22,77 Consequently, the
magnetic ordering temperature in the near-normal ZnFe2O4 is
much lower than those of the other spinel ferrites. Increasing
the degree of inversion in ZnFe2O4 replaces some of the Zn2+

on tetrahedral sites with Fe3+ and leads to ferrimagnetic
ordering analogous to that observed in metal ferrites where
M2+ is a paramagnetic ion.38,81,82

Optical Properties. The assignments of optical transitions
observed in spinel ferrite nanocrystals are made based on
electronic structure calculations and fall into four main
categories, as illustrated in Figure 11:57,69,83−85 (i) “ligand-to-
metal”-type charge-transfer transitions from bands of primarily
O 2p character to bands of primarily M or Fe 3d character, (ii)
intersublattice charge-transfer transitions between 3d bands
arising from Fe3+ ions in tetrahedral sites and Fe3+ ions in
octahedral sites, (iii) intervalent charge-transfer transitions
from M2+ 3d bands to Fe3+ 3d bands, and (iv) crystal-field
transitions between 3d bands of M2+ or Fe3+ cations occupying
the same crystallographic site. The crystal-field transitions
occur in the near-IR, whereas the charge-transfer-type
transitions occur in the visible and ultraviolet regions of the
spectrum. Although crystal-field transitions between bands of
primarily 3d character are generally forbidden by parity and/or
spin selection rules, they may become weakly allowed because
of magnetic ordering of neighboring iron centers, distortions of
the octahedral site symmetry, or mixing with oxygen
orbitals.85−87 In particular, the intersublattice charge-transfer
transitions between 3d orbitals of Fe3+ in tetrahedral sites and
3d orbitals of Fe3+ ions in octahedral sites are only allowed if
the spins of the two sites adopt an antiparallel alignment,87 and
thus these transitions are only present in spinels where x > 0.
Compared to the magnetic properties, the impact of

inversion on the optical properties of spinel ferrite nanocrystals
is relatively underexplored. For MFe2O4 materials where M =
Zn2+ or Mg2+, i.e., a diamagnetic cation that does not contain
partially filled 3d orbitals, the absorption spectrum is
dominated by transitions from O 2p to Fe 3d bands in the
visible and ultraviolet regions and crystal-field transitions of the
Fe3+ ions in the near-IR region.57,84,85 One study by Granone

Figure 10. (A) Alignment of the magnetic moments of the tetrahedral
atoms (blue) and the antiparallel magnetic moments at the octahedral
sites (orange) of MFe2O4 nanoparticles (M = Mn, Ni, and Zn) with
the magnetic moment of the metal centers along the ⟨111⟩ axis.
Adapted with permission from ref 22. Copyright 2018 The Royal
Society of Chemistry. (B) Illustration of the superexchange
interaction that leads to antiferromagnetic coupling of the octahedral
(orange) and tetrahedral (blue) sites. (C) Saturation magnetization
curves collected at room temperature for various MFe2O4 nano-
particles. Reproduced with permission from ref 22. Copyright 2018
The Royal Society of Chemistry.

Inorganic Chemistry pubs.acs.org/IC Forum Article

https://doi.org/10.1021/acs.inorgchem.1c00040
Inorg. Chem. 2021, 60, 4291−4305

4298

https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00040?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00040?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00040?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00040?fig=fig10&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00040?rel=cite-as&ref=PDF&jav=VoR


et al. found that the intensity of a transition at 795 nm in
ZnFe2O4 decreases with increasing inversion, whereas another
feature centered at 1200 nm broadens as inversion increases
(Figure 12).85 The decrease in intensity of the transition
centered at 795 nm was attributed to a loss in intensity of the
6A1g →

4T2g crystal-field transition of octahedral Fe3+ ions as
the number of Fe3+ ions occupying octahedral sites decreases
with increasing inversion. The authors attributed the broad-
ening of the peak centered at 1200 nm to increased
contributions of crystal-field transitions from Fe3+ ions
occupying tetrahedral sites upon increased inversion.85

For spinel ferrites where the M2+ ion contributes unfilled 3d
orbitals to the electronic structure, i.e., M = Mn2+, Co2+, Ni2+,
and Cu2+, the absorption spectra are dominated by intervalent
charge-transfer transitions between 3d bands associated with
M2+ and Fe3+ ions and intersublattice charge-transfer
transitions between 3d bands originating from Fe3+ ions on
tetrahedral and octahedral sites.69,83,87 Although the depend-
ence of these transitions on the degree of inversion has not
been explored in detail, we anticipate that decreasing the
degree of inversion will result in a decrease in the intensity of
the intersublattice transitions and a shift in the energy of the
intervalent charge-transfer transitions as more M2+ ions
displace Fe3+ ions from tetrahedral sites.

■ SYNTHETIC CONTROL OVER CATION
DISTRIBUTION IN SPINEL FERRITE
NANOCRYSTALS

The previous sections demonstrate that the electronic,
magnetic, and optical properties of spinel ferrites depend on
the magnitude of x. Therefore, achieving synthetic control over
the cation distribution would enable improved control over
these properties. Each spinel ferrite has a thermodynamically
preferred degree of inversion determined by its composition.

There are three primarily enthalpic factors that contribute to
the thermodynamic stability of a spinel structure with a
particular inversion parameter x.16,19,88 (i) The difference in
the ionic radii between the two cations dictates the degree to
which the oxygen sublattice must deviate from a cubic close-
packed structure to accommodate a particular cation
distribution, which is parametrized by the oxygen structure
parameter u. This factor generally favors placing the smaller
cation in the smaller tetrahedral sites. (ii) Electrostatic
stabilization of the primarily ionic spinel oxide lattice favors
placing the cation with the larger charge in the octahedral sites,
where it is in closer proximity to a larger number of anions to
balance its positive charge. However, for certain values of u,
where the tetrahedral sites are smaller than the octahedral sites,
the smaller distance between the cations and anions in the
tetrahedral site results in a larger Coulombic stabilization than
that in the octahedral sites even though the total charge is
smaller. (iii) Finally, the crystal-field stabilization energy
associated with placing a transition-metal ion in a tetrahedral
versus octahedral coordination environment also contributes
to the relative stability of a particular cation distribution. The
entropic contribution to the thermodynamic stability of various
cation distributions in spinel ferrites favors a random
distribution of cations among the (A) and [B] sites (i.e., x =
0.66) but only becomes significant at high temperatures.89 For
bulk spinel ferrites, heating to high temperatures (>700 K)
followed by rapid thermal quenching can “trap” the material in
one of these more entropically favored configura-
tions.37,67,85,90,91 Table 2 lists the inversion parameters
thermodynamically favored for bulk spinel ferrites at room
temperature.
For all of these spinel ferrites, Fe3+ is smaller than M2+,97

which means that factor i above favors the inverted structure
that places M2+ in the larger octahedral sites but factor ii favors
the normal structure that places all of the Fe3+ ions in the

Figure 11. Schematic illustrations of the types of optical transitions found in spinel ferrite nanocrystals. Solid rectangles indicate filled valence
bands, and open rectangles indicate empty conduction bands. Orange rectangles indicate bands that arise from metal cations in octahedral sites, and
blue rectangles indicate bands that arise from metal cations in tetrahedral sites.
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octahedral sites for optimal electrostatic stabilization. Indeed,
most of the ferrites listed in Table 2 have some degree of
inversion. In some cases, crystal-field stabilization energies and
other bonding considerations have the deciding influence that
determines the final degree of inversion. For example, of the
materials included in Table 2, ZnFe2O4 is the only ferrite that
strongly favors the fully normal spinel configuration (x = 0) in
which all of the Zn2+ ions occupy tetrahedral sites. In addition
to electrostatic effects favoring the normal configuration, the
valence 4s and 4p orbitals of Zn2+ prefer a tetrahedral bonding

geometry because of their tendency to form strong sp3-type
covalent bonds.19,98 In contrast, NiFe2O4 prefers to adopt a
completely inverse configuration (x = 1) in which all of the
Ni2+ ions occupy octahedral sites likely because the crystal-field
stabilization energies favor an octahedral coordination environ-
ment over a tetrahedral coordination environment for the Ni2+

d8 cations.
We note that the thermodynamic considerations described

above assume that all coordination sites of the cations in
tetrahedral or octahedral configurations are occupied by O2−

anions within the lattice. However, cations on the surfaces of
spinel ferrite nanocrystals may be coordinatively unsaturated or
coordinated to surface ligands. The relative stability of a cation
in a particular surface site therefore depends at least in part on
its interactions with the surface ligands and/or solvent. The
fraction of total cations occupying surface sites depends on the
size and shape of the nanocrystal and increases as the size of
the nanocrystal decreases. Thus, surface energy considerations
may contribute significantly to the thermodynamics governing
the cation distribution in small nanocrystals and may help to
explain why nanocrystalline spinel ferrites can access a broader
range of cation distributions than the corresponding bulk
materials. Furthermore, shrinking the size of spinel ferrites
from the bulk to the nanoscale provides the opportunity to
kinetically trap metastable structural configurations with
nonthermodynamic inversion parameters that depend on the
synthetic conditions. However, further investigation is needed
to understand the relative contributions of the lattice energy,
surface energy, and kinetics in determining the cation
distributions of spinel ferrite nanocrystals and the roles of
various synthetic parameters, such as ligands and solvent, in
mediating these contributions.
In this section, we provide an overview of the various

methods used to synthesize spinel ferrite nanocrystals and
highlight specific cases where tuning the synthetic conditions
enabled access to inversion parameters that deviate from those
favored by the bulk materials.

General Methods to Access Nanostructured Spinel
Metal Ferrites. Methods for synthesizing spinel ferrite
nanocrystals include the coprecipitation of metal salts from
alkaline aqueous solutions,26,31 sol−gel methods,21,55 and
thermal decomposition of a mixture of two different metal
complexes or one heterobimetallic single-source precursor via
(i) heat-up or hot-injection methods at ambient pres-
sure,18,24,25 (ii) a solvothermal reaction at elevated pres-
sure,20,80,99 or (iii) microwave-assisted heating.23,57 Spinel
ferrite nanocrystals have also been obtained via mechano-
chemical processing of bulk materials using methods such as
ball-milling in which solid−solid diffusion processes govern the
conversion of two binary oxide materials (e.g., ZnO and
Fe2O3) into one ternary oxide material (e.g., ZnFe2O4) and
influence the final cation distribution.38,82 Solid−solid diffusion
processes, such as cation hopping,100 can also drive cation
redistribution in hybrid core/shell nanocrystals during the
high-temperature solution-phase shell growth reaction.101 In
general, solution-phase synthetic approaches present a major
advantage over their solid-state counterparts by providing the
opportunity to use surface ligands and precursor solution
chemistry to control the size and shape of the nanocrystals
while achieving high monodispersity.102−104

Figure 13 summarizes the types of precursors used in these
various synthetic methods. The parameters available to tune
these synthetic procedures include the precursor structure,

Figure 12. (A) Diffuse-reflectance spectra of ZnFe2O4 with various
degrees of inversion. The gray arrows indicate the evolution in the
spectra as x increases from 0.074 to 0.203. (B) Gaussian fits of the
three primary absorption features observed as valleys in the diffuse-
reflectance spectra at 1.05 eV (solid lines), 1.56 eV (dashed lines),
and 3.00 eV (dotted lines). Reproduced with permission from ref 85.
Copyright 2018 The Royal Society of Chemistry.

Table 2. Inversion Parameters for Bulk Spinel Ferrites at
Room Temperature

composition bulk value of x reference

MgFe2O4 0.90 92
MnFe2O4 0.20 80, 93
CoFe2O4 0.93 91
NiFe2O4 1.0 94
CuFe2O4 1.0 95
ZnFe2O4 0 40, 96
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solvent, ligands/surfactant, pH, synthesis temperature and
time, and postsynthetic annealing temperature and duration. In
addition to tuning the degree of inversion, these synthetic
parameters also impact the size, shape, monodispersity, and
composition of spinel ferrite nanocrystals. For example,
thermal decomposition of heterobimetallic single-source
precursors that incorporate both metals in the desired
stoichiometry and oxidation state enables access to spinel
ferrite nanocrystals with improved monodispersity and phase
purity compared to a mixture of homometallic precursors
subjected to the same reaction conditions.104 Methods for
synthesizing spinel ferrite nanocrystals are reviewed in detail
elsewhere.105,106

Although a detailed understanding of how to achieve precise
synthetic control over the degree of inversion in spinel ferrite
nanocrystals is still lacking, here we present a few case studies
that provide some indication of strategies that could prove
promising. We focus our discussion on NiFe2O4 and ZnFe2O4,
two materials that, in the bulk, are most stable in the
completely inverse (x = 1) and normal (x = 0) configurations,
respectively (Table 2). The relative strength of the preference
of Ni2+ for the octahedral sites and Zn2+ for the tetrahedral
sites is revealed by examining quaternary spinels of
composition Ni1−yZnyFe2O4. Neutron powder diffraction
measurements of a series of Ni1−yZnyFe2O4 nanocrystals (d =
7−27 nm), with y ranging from 0 to 1, found that Ni2+

exclusively occupies octahedral sites regardless of the
concentration of Zn2+, whereas Zn2+ occupies both octahedral
and tetrahedral sites.94 The proportion of Zn2+ that occupies
tetrahedral sites increases as y increases and with postsynthetic
annealing at 600 °C. This study demonstrates that the
preference of Ni2+ for octahedral sites is stronger than the
preference of Zn2+ for tetrahedral sites. Therefore, any
synthetic method that can access NiFe2O4 nanocrystals with
an inversion parameter x < 1 would clearly signal enough
kinetic control over the cation distribution to overcome the
strong thermodynamic preference of Ni2+ for octahedral sites.

One factor that appears to enable access to NiFe2O4
nanocrystals with inversion parameter x < 1 is the presence
of a surfactant in the reaction mixture. Tiano et al. synthesized
NiFe2O4 nanocrystals with diameters of 3.0 nm and x = 0.84
via a solvothermal reaction of a basic solution of FeCl3 and
NiSO4 at 220 °C in the presence of the surfactant
(aminopropyl)triethoxylsilane (APTES).20 The reaction of
the same basic solution of FeCl3 and NiSO4 in the absence of
APTES produced NiFe2O4 nanoparticles with a diameter of 87
nm and x = 1. The decreased inversion parameter obtained in
the presence of APTES could be due to the fact that the
NiFe2O4 nanocrystals synthesized under these conditions are
significantly smaller than those obtained in the absence of
APTES, although further work is needed to determine whether
this is the case. Notably, in the same study, the authors
synthesized ZnFe2O4 nanocrystals of 3.1 nm diameter with a
remarkably high inversion parameter of 0.74 from a
solvothermal reaction of ZnCl2 with APTES.20 Solano et al.
made NiFe2O4 nanocrystals with a small inversion parameter
of x = 0.37 using a heat-up method in which Fe(acac)3,
Ni(acac)2, and the surfactant triethylene glycol were heated to
280 °C for 150 min.23 The same reaction protocol for
ZnFe2O4 produced nanocrystals with x = 0.36. Importantly,
these syntheses do not involve any postsynthetic annealing
steps. In contrast, hybrid sol−gel/hydrothermal methods in
which metal nitrate precursors are mixed with NaOH or urea
to form a gel that is subsequently reacted in an autoclave at
elevated temperatures and pressures in the absence of a
surfactant form completely inverted NiFe2O4 nanocrystals with
x = 1.21,22

Another method that enables access to partially inverted
NiFe2O4 and ZnFe2O4 nanocrystals is the use of a
heterobimetallic single-source precursor. Abdulwahab et al.
synthes ized heterobimeta l l ic p iva la te complexes
Zn4Fe2O2(O2C(CH3)3)10 and NiFe2O(O2C(CH3)3)6(HO2C-
(CH3)3)3 and used them as precursors for ZnFe2O4 and
NiFe2O4 nanocrystals, respectively.25 Injection of the pre-

Figure 13. Precursors used in various synthetic methods for making spinel ferrite nanocrystals.
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cursors into a solution of oleylamine, oleic acid, and diphenyl
ether at 260 °C produced nanocrystals with the nearly
statistically random inversion parameters of 0.66 for
ZnFe2O4 and 0.69 for NiFe2O4. We note that the use of
oleic acid in the solvothermal synthesis of CoFe2O4 nano-
crystals from a mixture of nitrate precursors also produced
nanocrystals with diameters that decreased from 19 to 5 nm
with increasing oleic acid concentration but statistically
random cation inversion parameters ranging from 0.64 to
0.67 that were independent of the particle size.99

Both surfactants and single-source precursors are known to
influence the kinetics of nucleation and growth of metal oxide
nanocrystals and thereby impact the size and monodispersity
of the resulting nanocrystals.1,102−104 However, the potential
impact of nanocrystal nucleation and growth kinetics on the
degree of inversion in spinel ferrite nanocrystals has not been
explored in detail to date. On the basis of the results described
above, we anticipate that targeted studies of possible links
between the kinetics of nucleation and growth and the degree
of inversion may provide the key to synthetic control over the
cation distribution in spinel ferrite nanocrystals.

■ SUMMARY AND FUTURE OUTLOOK

The electronic, magnetic, and optical properties of spinel
ferrite materials of the formula MFe2O4 depend on the
distribution of M2+ and Fe3+ cations among octahedral and
tetrahedral interstitial sites within the cubic close-packed lattice
formed by the O2− anions. This cation distribution is
quantified by the inversion parameter x, which represents the
fraction of M2+ ions that occupy octahedral sites. Character-
ization techniques that can be used to quantify x include
Mössbauer spectroscopy, neutron powder diffraction, Raman
spectroscopy, X-ray spectroscopies such as XPS, XMCD, and
XANES/EXAFS, and high-resolution STEM coupled to EELS.
The impact of the cation distribution on the magnetic
properties of spinel ferrite nanocrystals has been investigated
extensively, but its impact on the electronic and optical
properties of spinel ferrite nanocrystals remains comparatively
underexplored. DFT calculations indicate that increasing the
magnitude of x results in an increase in the band gap for most
bulk spinel ferrites, but this observation has yet to be
confirmed experimentally for spinel ferrite nanocrystals.
Characterization of the optical absorption spectra of spinel
ferrites for various values of x has also been limited to bulk
materials of only a few compositions, and the impact of cation
distribution on the excited-state dynamics of spinel ferrites has
not yet been determined for either bulk or nanocrystalline
morphologies.
Compared to bulk materials, nanocrystalline spinel ferrites

possess additional structural degrees of freedom that enable
access to a broader range of cation distributions. Simultaneous
and independent control over the nanoparticle size, shape,
composition, and inversion parameter is crucial to enabling
investigation of the relationship between the cation distribu-
tion and electronic and photophysical properties of spinel
ferrite nanocrystals; however, the influence of various synthetic
parameters on the degree of inversion remains poorly
understood. Developing such knowledge requires carefully
designed studies in which synthetic parameters are varied
systematically in order to discern their impact on the degree of
inversion. Such work would represent a significant contribution
to the ability to design versatile spinel ferrite nanocrystals for a

diverse array of applications in magnetic imaging and sensing,
information storage, photocatalysis, and energy storage.
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